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A B S T R A C T

In the last three decades, over 4.1 million hectares have burned in Arizona and New Mexico and the largest fires
in documented history have occurred in the past two decades. Changes in burn severity over time, however, have
not been well documented in forest and woodland ecosystems in the southwestern US. Using remotely sensed
burn severity data from 1621 fires (> 404 ha), we assessed trends from 1984 to 2015 in Arizona and New
Mexico in (1) number of fires and total area burned in all vegetation types; (2) area burned, area of high-severity,
and percent of high-severity fire in all forest and woodland areas; and (3) area burned, area of high-severity, and
percent of high-severity in seven different grouped forest and woodland vegetation types (Ecological Response
Unit [ERU] Fire Regime Types). Number of fires and area burned increased across the Southwest regardless of
vegetation type. The significant increasing trends held for area burned, area of high-severity, and percent of
high-severity fire in all forest and woodland ecosystems. Area burned and area burned severely increased in all
seven ERU Fire Regime Types while percent of high-severity fire increased in two ERUs: Mixed Conifer Frequent
Fire and Mixed Conifer with Aspen/Spruce Fir. Managers must face the implications of increasing, un-
characteristic high-severity fire in many ecosystems as climate change and human pressures continue to affect
fire regimes.

1. Introduction

Fire is an important and dynamic disturbance process, yet concerns
over increasing extent and severity are reaching new urgency. Recent
work across the globe has quantified trends in high-severity fire using
remotely sensed technology in attempt to determine if historical fire
patterns are changing (Archibald et al., 2010; Dennison et al., 2014;
Kasischke and Turetsky, 2006; Picotte et al., 2016; Riaño et al., 2007;
Rivera-Huerta et al., 2016). Shifts in fire regimes, especially in high-
severity fire, can result in significant consequences to landscape pro-
cesses and ecosystem function and the identification of such shifts are
important for forest conservation and sustainability. In the western
United States, land-use practices i.e., fire suppression and logging as
well as climate change are frequently cited as the primary drivers of
increasing fire severity (Dillon et al., 2011; Fulé et al., 2009, 1997; Jolly
et al., 2015; Moore et al., 2004; Reilly et al., 2017; Williams et al.,
2013). The southwestern US, namely Arizona and New Mexico, is a
semi-arid region where forest structure has dramatically changed since
Euro-American settlement (Moore et al., 2004; White and Vankjat,

1993) and where increased wildfire activity is known to be driven by
climate change (Crimmins, 2011; Grissino-Mayer and Swetnam, 2000).
The southwestern US has been recently affected by large and intense
wildfires where 4.1 million hectares have burned in all vegetation types
in the past three decades and the largest fires in documented history
have occurred in the past two decades. Fires regimes may be shifting in
the Southwest yet this phenomena has been largely undocumented.
Severity is fundamental to understanding how fire patterns are chan-
ging and ultimately, in understanding the ecological implications of
altered fire regimes.

Here we present a comprehensive region-wide trend analysis of
high-severity fire in Arizona and New Mexico forest and woodland
ecosystems over a 32 year time span using data from the Monitoring
Trends in Burn Severity (MTBS) project. The MTBS project uses Landsat
Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+ ),
and Operational Land Imager (OLI) imagery to produce burn severity
data for fires greater than 404 ha in the western US and 202 ha in the
eastern US from 1984 to the present (Eidenshink et al., 2007). Dillon
et al. (2011) examined temporal trends from 1984 to 2006 in high-
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severity fire for parts of the Southwest, but excluded large areas of New
Mexico and fires that occurred in unique areas of Southern Arizona
(e.g., the Sky Islands). Dillon et al. (2011) also did not include MTBS
products with post-fire images acquired less than 6months from the fire
ignition date (i.e., initial assessments [IA]) and thus, an estimated 43%
of burned area was excluded from their analysis in the time frame of
their study. There is a need to broaden the work of Dillon et al. (2011)
by updating the time period, expanding the study area to encompass all
of Arizona and New Mexico, and including all fires> 404 ha that
burned since 1984 in order to provide a more complete and accurate
burn severity dataset for the Southwest. There is also a need to evaluate
temporal trends in high-severity fire within specific forest and wood-
land vegetation types to understand how recent wildfires have im-
pacted individual ecosystems and to understand how fire patterns may
be changing. Such information is critical in developing management
strategies to increase the sustainability for each forest type.

Our objectives were to assess, from 1984 to 2015 in Arizona and
New Mexico, if there were increasing trends in (1) number of fires and
total area burned in all vegetation types; (2) area burned, area of high-
severity fire, and percent of high-severity fire in all forested and
woodland vegetation types (Ecological Response Units [ERU] Fire
Regime Types); and (3) area burned, area of high-severity fire, and
percent of high-severity fire in seven forest and woodland ERU Fire
Regime Types.

2. Methods

2.1. Study area

Our study area encompassed all fires from 1984 to 2015 greater
than 404 ha that burned within Arizona and New Mexico (Fig. 1). We
included all fires that burned on private, state, and federal lands in-
cluding Forest Service (FS), National Park Service (NPS), Bureau of
Land Management (BLM), Fish and Wildlife Service (FWS), Department

of Defense (DOD), and Bureau of Indian Affairs (BIA) managed lands
(Table 1). We assessed 1621 fires that burned in all vegetation types
and 1143 fires that burned in forests and woodlands. Elevations in the
study area ranged from 66m to 3647m as recorded by the lowest and
highest pixel in the dataset from digital elevation models. The study
area is characterized by a semi-arid climate but climate over much of
the Southwest is highly variable due to its broad range of topographic
features and its location near the Gulf of Mexico, the Gulf of California,
and the Pacific Ocean (Sheppard et al., 2002). Mean annual winter
temperatures range from 0 °C to 14.3 °C and mean annual summer
temperatures range from 17.7 °C to 33.5 °C (at the lowest and highest
elevations in the Southwest) from 1984 to 2015 (NOAA, 2018). The
Southwest is also characterized by monsoonal rains occurring from
July-September and receives up to 50% of its rainfall during this time
(Sheppard et al., 2002). From 1984 to 2015, Arizona received an annual
average rainfall of 30.6 cm while New Mexico received an annual
average rainfall of 36.8 cm (NOAA, 2018). Another important source of
moisture is late-spring/early-summer snowmelt which is critical for
plant growth (Notaro et al., 2010). Thus, dual peaks of moisture occur
throughout the year resulting in a bimodal seasonal cycle of vegetation

Fig. 1. Map of the study region, fires analyzed in this study, and all forest and woodland Ecological Response Units. Black polygons represent 1621 fires that were
analyzed in the study area.

Table 1
Area burned, total forested land, and percent of burned forested land from 1984
to 2015 by management agencies in the study area. The ‘other’ category in-
cludes forested lands not designated as federal land i.e. state and private lands.

Ownership Forested area burned
(ha)

Total forested land
(ha)

Percent burned
(%)

DOD 7570 90,658 8.4
BIA 297,662 3,124,011 9.5
BLM 70,760 1,191,671 5.9
FS 1,483,239 6,669,639 22.2
NPS 66,076 259,325 25.5
FWS 651 17,601 3.7
OTHER 209,094 5,556,263 3.8
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greenness after spring-summer snow melt and summer/early-autumn
monsoon rainfall (Notaro et al., 2010; Sheppard et al., 2002).

2.2. Vegetation layer

We identified forested and woodland areas using Wahlberg et al.
(2014) Ecological Response Units (ERU) vegetation framework. This
framework is the most current landscape stratification of vegetation
classes for the Southwestern United States. Similar to LANDFIRE’s
Biophysical Settings (BpS) vegetation stratification (Rollins and Frame,
2006), ERUs are homogenous vegetation classes that share similar site
potential and ecosystem processes and respond the same way under
historic fire regimes (Wahlberg et al., 2014). Ecological Response Units
are developed for landscape analysis and strategic planning purposes
and built from the National Vegetation Classification (NVC) and the
Terrestrial Ecological Unit Inventory (TEUI) frameworks.

We used a total 12 of the 13 ERUs that were classified as forest or
woodland, excluding Bristlecone pine ERU from our analysis due to the
low area burned in the time frame of the study. We aggregated similar
ERUs that shared similar historic fire regimes (Wahlberg et al., 2014)
that we call ERU Fire Regime Types (Table 2/Fig. S1). To define each
ERU’s fire regime, Wahlberg et al. (2014) uses information on fire re-
turn intervals from published literature as well as LANDFIRE fire re-
gime classifications from the Fire Regime Condition Class Handbook
(Barrett et al., 2010).

Similar to other studies conducting trend analyses (Dillon et al.,
2011; Miller and Safford, 2012), we used a vegetation map that in-
corporates natural disturbance fire regimes prior to European settle-
ment instead of using existing vegetation maps. Existing vegetation
maps are likely to exclude greater proportions of forested and woodland
areas in earlier years of the study because high-severity fire and mul-
tiple entries can cause changes in vegetation types over time. Existing
vegetation maps may also underestimate the occurrence of high-se-
verity fire in earlier years of the time series and introduce a phantom
trend (Hanson and Odion, 2014). Therefore, we used a potential ve-
getation map that classifies vegetation based on similar ecosystem
characteristics and when natural disturbances prevail. The minimum
mapping unit for the ERU data is five hectares. Although our burn se-
verity data resolution is 30×30m, we did not use ERU data for spatial
analysis. Rather, we stratified ERU by Fire Regime Type and used it as
reference boundaries in determining the vegetation type for burned
pixels.

2.3. Burn severity mapping

To investigate recent trends we used all data from the Monitoring

Trends in Burn Severity (MTBS) program from 1984 to 2015 in Arizona
and New Mexico (MTBS, 2013). We used the relative differenced nor-
malized burn ratio (RdNBR) images to account for change relative to
the amount of pre-fire vegetative cover and to make comparisons of
fires across space and time (Miller and Thode, 2007). To determine a
high-severity RdNBR threshold for the Southwest, we used the value of
643 obtained from a regression model of 1197 Southwest Composite
Burn Index (CBI) field plot data against their corresponding RdNBR
values (Fig. 2) (Gdula and Brannfors, 2014). The CBI plots were con-
ducted in the Grand Canyon National Park, Kaibab, Coconino, and Gila
National Forests and conducted in 8 out of the 12 forest and woodland
ERUs used in this analysis. The CBI averages burn condition in 30m
diameter plot across five strata ((1) substrates, (2) herbs, shrubs and
trees < 1m, (3) tall shrubs and trees 1 to 5m, (4) subcanopy poles/
trees, and (5) dominant overstory trees) on a scale of 0 to 3 with lower
numbers representing lower degrees of change and higher numbers
represent higher degrees of change (Key and Benson, 2006). We cal-
culated the RdNBR threshold equivalent to a CBI≥ 2.25, representing a
midpoint between high and moderate severity classes (Miller and
Thode, 2007).

To produce a complete burn severity dataset for the Southwest, we
reprocessed 718 MTBS initial assessment [IA] products to one year
post-fire extended assessments [EA] and reanalyzed 85 extended as-
sessments with poor pre- and/or post-fire scene selections. To do this
we utilized the MTBS Project's QGIS plugin, the Event Mapper Tool,
which allowed us to remap and include every recorded fire in our
analyses (MTBS, 2013). We selected post-fire scenes that were acquired
6–24months following the fire (Dillon et al., 2011) to ensure that the
post-fire image did not over-represent severity (i.e.,< 6months) and
then to ensure that severity was not underrepresented (i.e.,> 24
months). We selected pre-fire images that were ≤2 years to ensure that
no other disturbance events interfered with the burn signal. We define
severity as the effect of fire on dominant vegetation 6–24months post-
fire relative to ≤2 year pre-fire conditions (Dillon et al., 2011). To
account for phenological differences in the pre- post-fire images, we
excluded fires with an offset value ≥100 (Stephen Howard, personal
communication). The offset is the average dNBR value of pixels outside
of a homogenous area of the burn perimeter in a post-fire image dif-
ferenced by the same area in a pre-fire image that is applied to RdNBR
images (Key, 2006). If pre- and post-fire images are perfectly matched
the dNBR offset value is zero (Cansler and Mckenzie, 2014; Key, 2006).
We also applied a 3x3 focal mean to all RdNBR images to minimize
pixilation (Miller et al., 2012). We combined our 803 remapped fires
with 340 of MTBS Projects’ extended assessment products to analyze
temporal trends in high-severity fire.

Table 2
Table showing the 12 forest and woodland Ecological Response Units (ERU)
grouped into seven ERU Fire Regime Types (Barrett et al., 2010; Wahlberg
et al., 2014).

ERU ERU Fire Regime Types

Madrean Encinal Woodland Madrean Encinal Woodland & Madrean
Pinyon-Oak WoodlandMadrean Pinyon-Oak Woodland

PJ Grass PJ Grass & Juniper Grass
Juniper Grass

PJ Evergreen Shrub PJ Evergreen Shrub
PJ Sagebrush PJ Sagebrush & PJ Woodland
PJ Woodland

Ponderosa Pine Forest Ponderosa Pine
Ponderosa Pine - Evergreen Oak

Mixed Conifer - Frequent Fire Mixed Conifer - Frequent Fire

Mixed Conifer w/Aspen Mixed Conifer w/Aspen & Spruce-Fir Forests
Spruce-Fir Forest Fig. 2. Quadratic regression model of the relative differenced normalized burn

ratio (RdNBR) versus 1062 field-measured composite burn index (CBI) plots.
Crossed lines show the threshold for high severity (CBI= 2.25; RdNBR=643).
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2.4. Trend analysis

We examined trends in number of fires and total area burned for all
vegetation types over the 32 year period. We also examined trends in
total area burned, high-severity area, and percent of high-severity fire
for fires that burned in forests and woodlands and for each of the seven
ERU Fire Regime Types (Table 2/Fig. S1). We analyzed the number of
fires by summing the count of all fires> 404 ha by year. We assessed
area burned by summing the total pixels burned per year and area
burned severely by summing the total of high-severity pixels
(RdNBR≥643) per year. We calculated percent of high-severity fire by
dividing the summed count of all high-severity pixels by the summed
count of all burned forested pixels for each year.

Our data contained variables measured sequentially in time at fixed
intervals, known as time series data (Metcalfe and Cowpertwait, 2009).
Similar to other studies, we used ARMA (Autoregressive Moving
Average) time series regression methods to account for temporal au-
tocorrelation and to determine if there were any trends in fire count,
area, and proportion data over time (Miller et al., 2012, 2009; Miller
and Safford, 2012; Stephens, 2005). An ARMA (p,q) model (Eq. S1) has
an autoregressive component (up to order p) that refers to the use of
past values in the regression equation, and a moving average compo-
nent (up to order q) that represents the error of the model as a com-
bination of previous error terms (Stephens, 2005). To identify the best-
fit model, we used the Box-Jenkins technique, which involves identi-
fying ARMA time series models, estimating its parameters, and diag-
nosing the model (Box and Jenkins, 1976).

To stabilize heteroscedasticity, we natural log-transformed fire
count data and area data, and arcsine-square root transformed all
percent data before model identification (Sokal and Rohlf, 1981). To
identify appropriate models, we took the first difference of the data (Eq.
S2) to remove any linear trends and to form a stationary series
(Metcalfe and Cowpertwait, 2009). Stationary data is important for
model identification because the mean, variance, and autocorrelation
structure do not change over time.

We identified patterns in the differenced data’s autocorrelation
functions (ACFs) and partial autocorrelation functions (PACFs). If an
autocorrelation or partial autocorrelation at any given lag is sig-
nificantly different than zero, the correlation is included in the ARMA
model (Metcalfe and Cowpertwait, 2009). When ACFs and PACFs in-
dicated no significant autocorrelations, we used linear models to ana-
lyze the trend. To compare competing ARMA models, we used the
corrected Akaike Information Criterion (AICc) where the model with
the lowest AICc was chosen and when candidate models had a delta AIC
(dAICc) between 0 and 2, the more parsimonious model was selected
(Shumway and Stoffer, 2010). We also used lowest root mean squared
error (RMSE) in diagnosing model goodness-of-fit.

The time series data exhibited random walk with drift, where the
drift component is in essence, the trend component. To determine sig-
nificance of the trend, we calculated P-values of the drift coefficient and
then back-transformed it into its native units. To calculate average in-
creases per year for each of our datasets, we back-transformed the
coefficient of the first and thirty-second observation from the fitted
model and calculated the slope of the line. We also calculated mean,
median, minimum and maximum for all variables.

3. Results

3.1. Trends in all fires from 1984 to 2015

In fires that occurred in all vegetation types, both fire count and
area burned showed a significant increase from 1984 to 2015
(P < 0.011, P≤0.001) (Table 3, Figs. 3A/B, S2A/B). The average
annual increase for area burned was 8373 ha (Table S1).

In forests and woodlands, ARMA and linear models for area burned,
area burned severely, and percent burned severely showed significant

increasing trends (P < 0.044) (Table 3). The average annual increase
of area burned and area of high-severity fire was 6360 ha/year and
1009 ha/year, respectively while the annual average increase in percent
high-severity fire was 0.33% (Table S1). Trends in area burned in all
vegetation types and trends in area burned and area burned severely in
forests and woodlands showed a distinct increase after 2000 (Figs. 3B/
C/D, S2B/C/D). Trends in percent high-severity fire were more variable
yet consistently increased throughout the 32 year time period with
percent peaking in years 1990, 2000, 2002, 2004 (Figs. 3E, S2E).

3.2. Trends in ERU fire regime types from 1984 to 2015

Over the 32 year time span, area burned ranged from approximately
146,000 to 442,000 ha and area burned severely ranged from 20,000 to
116,000 ha across all ERU Fire Regime Types (Table 4). Mixed Conifer
with Aspen/Spruce Fir had the highest percent of its landbase burned
severely (28%) while Madrean and PJ Grass/Juniper Grass had the
lowest (8%) (Table 4). All ARMA and linear models for all ERU Fire
Regime Types for area burned and area of high-severity fire showed a
significant increasing trend (P≤0.005, P≤0.016) (Table 3). Percent
of high-severity in Mixed Conifer Frequent Fire and Mixed Conifer w/
Aspen and Spruce Fir also showed a significant increasing trend
(P < 0.001). We did not find significant temporal trends in percent of
high-severity fire in Madrean, PJ Grass/Juniper Grass, PJ Evergreen
Shrub, PJ Sagebrush and PJ Woodland, and Ponderosa Pine
(P≥0.126). Increases in annual area burned and area burned severely
in all ERU Fire Regime Types ranged from 400 to 2311 ha and
14–247 ha respectively while annual increases in percent of high-se-
verity fire ranged from 0.08 to 0.84% (Table S1). Although increases in
percent are seemingly low, they are also compounding. For example, an
increase of 1% a year in Mixed Conifer with Aspen and Spruce Fir ERU
Fire Regime Type equates to 32% over the 32 year time period.

Results in area burned and area burned severely also show a marked
increased after the year 2000 (Figs. 4, 5, S3 and S4). Trends in area
burned and area burned severely in PJ Sagebrush and PJ Woodland
begin earlier i.e., 1996 (Figs. 4D, 5D, S2D and S4D). Similar to results
for percent of high-severity fire in all fires in forest and woodlands,
trends in percent of high-severity fire by ERU Fire Regime Type are
variable with no discernible years where trends begin to increase
(Figs. 6 and S4).

4. Discussion

Over the last three decades, fires are more frequent, larger, and
more severe in the Southwest. The number of large fires (> 404 ha) and
area burned increased from 1984 to 2015 across the Southwest re-
gardless of vegetation type. The significant increasing trends held for
area burned, area of high-severity fire, and percent of high-severity fire
in forested and woodland ecosystems. In ERU Fire Regime Types, we
found significant increases in area burned and area of high-severity fire
across all seven types. Percent of high-severity fire showed significant
increases in two out of the seven ERU Fire Regime Types, where
Madrean, PJ Sagebrush/PJ woodland, PJ Evergreen Shrub, and
Ponderosa Pine did not show an increase.

Our findings of increasing trends in number of fires, area burned,
and in high-severity fire are similar to other studies using similar
methodologies in different regions in the west (Dennison et al., 2014;
Dillon et al., 2011; Miller et al., 2009; Miller and Safford, 2012).
Dennison et al. (2014) conducted a broad-scale study across the western
US examining temporal trends of large wildfires in nine ecoregions of
similar climate variability and vegetation types from 1984 to 2011.
They found that trends in fire size and area burned were most sig-
nificant in the Arizona and New Mexico Mountain ecoregion. Miller
et al. (2009) found increasing trends in percent of high-severity fire in
all forest types from 1984 to 2006 in Sierra Nevada, CA. Similar to our
findings, Miller et al. (2009) found an increase in percent of high-
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severity fire in mixed conifer forests but did not observe an increase in
ponderosa pine. When Miller and Safford (2012) expanded on their
previous work and combined mixed-conifer and yellow pine into one
grouping, they found increasing trends in area and percent of high-se-
verity fire from 1984 to 2010. Although ponderosa pine and xeric
mixed conifer share similar fire attributes in frequency and severity, we
felt it more meaningful to examine each forest type separately in our
analysis to provide information on fire effects in specific ecosystems
that are of a concern to land managers. Miller and Safford (2012) did
not find significant increasing trends in red fir, which contrasts to our
findings in Southwestern higher elevation forests.

Our results are comparable to Dillon et al. (2011), especially since
they assessed temporal trends in Southwestern regions. Dillon et al.
(2011) found a significant increase in area burned and in area of high-
severity in all three Southwest ecoregions (i.e., Southern Rockies, Col-
orado Plateau, Mogollon Rim) but only found an increase in proportion
of high-severity in the Southern Rockies ecoregion. Similar to Dillon
et al. (2011) we found a significant increase in area burned and area
burned severely but one notable difference is that we found an increase
in percent of high-severity fire across the whole region. We speculate
that Dillon et al. (2011) did not find increasing trends in proportion of
high-severity fire in the Southern Rockies and Colorado Plateau

ecoregions for a few reasons. First, the time span of their analysis was
nine years shorter than ours and big fire years occurred in the South-
west after 2006. In our analysis, we recorded 16% of high-severity fire
in 2007, 16% in 2012 and 18.5% in 2013, which could have driven
trends upward. Further, they did not include initial assessment fires
(products with post-fire images< 6months from the ignition date) in
their study, which excluded 375,644 ha of forested burned area and
28,344 ha of high-severity fire from their Southwest regional analysis
from 1984 to 2006. Third, due to their pre- and post-fire image con-
straints, they excluded an additional 160,408 ha of forested burned area
and 22,648 ha of high-severity. In comparison, we did not exclude any
recorded fires in our dataset and have a more spatially and temporally
comprehensive dataset than Dillon et al. (2011).

Similar to Dillon et al. (2011), we also observed a distinct shift post-
2000 where area burned and area burned severely increase in our data.
This shift may be a product of the relatively short time span of the study
but could also be linked to climate and weather patterns. Hoerling et al.
(2013) report that 2001–2010 was the warmest and fourth driest
decade in the Southwest since 1901 with temperatures 0.8 °C higher
than historic averages and a mean precipitation departure of −15mm/
year. Changes in climate have resulted in a severe drought that oc-
curred in the first half of the 2001–2010 decade (Hoerling et al., 2013).

Table 3
Table shows regression statistics for ARMA time series models and linear models, organized by All Fires 1984–2015 (top block) and then stratified by ERU Fire
Regime Types from 1984 to 2015 (bottom block). Table shows ARMA and linear modeling statistics for number of fires, area burned in all vegetation types, area
burned in forested and woodland ecosystems, area of high severity fire in forests and woodlands, and percent of high severity fire in forests and woodlands. All trends
are significantly increasing in all vegetation types and in forests and woodlands. Table also shows area burned, area of high severity, and percent of high severity by
ERU Fire Regime Type. Bolded P values are significant (α=0:05). All ERU Fire Regime Types show an increase in area burned and area of high severity. Mixed
conifer Frequent Fire and Mixed Conifer with Aspen/Spruce-Fir showed an increase for percent of high severity fire.
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These drier conditions have increased the probability of severe fire and
have been linked to increasing trends in fire size and area burned in the
Arizona and New Mexico Mountain ecoregion (Dennison et al., 2014).
The biggest fire years in recorded history within the Southwest oc-
curred after 2000, where 2002 and 2011 resulted in the largest area

burned and largest area burned severely in forests and woodlands. With
drought, earlier snowmelt, increases in summer and spring tempera-
tures under a warming climate, fire years similar to 2002 and 2011 may
not be the anomaly and trends in high-severity fire may continue to
increase. Climate is known to play a role in driving the extent and

Fig. 3. Temporal trends in (A) number of large fires (> 404 ha), (B) burned area in all vegetation types, (C) burned area in forests and woodlands, (D) area of high
severity in forests and woodlands, and (E) percent of high severity in forests and woodlands within Arizona and New Mexico from 1984 to 2015. *All trends are
significant (P≤0.044).

Table 4
The 12 ERUs used in this study grouped by fire regime type showing area of high severity fire, area burned, and percent of high severity burned from 1984 to 2015.
This table includes pixels that reburned from year to year.

ERU Fire Regime Total area (ha) Area burned (ha) Area severe (ha) Percent burned (%) Percent high severity (%)

Madrean 1,002,125 318,465 25,239 32 8
PJ Grass/PJ Juniper Grass 6,266,846 393,180 32,667 6 8
PJ Evergreen Shrub 1,452,506 182,236 20,355 13 11
PJ Sagebrush/PJ Woodland 3,120,703 145,805 29,167 5 20
Ponderosa Pine 3,262,717 861,777 116,164 26 13
Mixed Conifer Frequent Fire 1,117,123 441,921 83,755 40 19
Mixed Conifer with Aspen/Spruce Fir 699,406 188,593 53,117 27 28
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frequency of fires (Westerling 2016, Williams et al., 2013) yet further
work is needed to disentangle fire-climate relationships and in identi-
fying specific climate drivers of high-severity in the Southwest.

Our study region was broad and encompassed a complex of different
fire regimes within different land ownerships (Tables 1 and 4). Fire
management practices vary greatly between federal, state and private
land ownerships. Most notably, federal agencies (e.g., NPS and USFS)
conduct prescribed burns and also allow lightning-ignited fire to burn
to meet management objectives. Both of these management methods
often yield less severe fire since certain weather prescriptions are set to
limit the occurrence of extreme fire behavior. In our dataset we have
included a total of 158 prescribed burns and 36 wildfire use burns (the
management of naturally ignited fires to meet pre-defined resource
objectives in a pre-defined area) with only one prescribed burn occur-
ring prior to 1995 (MTBS, 2013). The number of wildland fire use fires

may be underreported in our dataset since the release of the ‘Guidance
for Implementation of Federal Wildland Fire Management Policy’ in
2009. The revised policy allows naturally ignited wildland fires to be
managed for multiple objectives instead of managing a fire to meet
either suppression objectives or to provide natural resource benefits
(Fire Executive Council, 2009). Therefore, a fire that has been sup-
pressed in one area and allowed to burn in other areas may still be
called a ‘wildfire’. Nevertheless, other studies posit that prescribed and
wildfire use fires skew high-severity trend results (Safford et al., 2015),
yet we did not observe this in our study. Despite including fires that
typically burn as low-intensity and low-severity surface fires in the last
18 years of the study period, we still observed significant upward
trends.

Furthermore, we still found increasing trends despite not being able
to adequately capture high-severity in 2011. On May 31, 2003 the Scan

Fig. 4. Results in temporal trend analysis in area burned for each ERU Fire Regime Type from 1984 to 2015. *All trends are significantly increasing (P≤0.005).
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Line Corrector (SCL) on Landsat 7 failed and subsequent imagery con-
tained data gaps that resulted in a 22% loss of the scene (Chen et al.,
2011). To circumvent this issue, we acquired post-fire scenes from
Landsat 8 in 2013, two years after the fire date which significantly
reduced the ability to properly capture high-severity in RdNBR images.
Since 2011 was the Southwest's biggest recorded fire year, we would
expect to see area of high-severity peaking and proportion of high-se-
verity fire to be larger as well. Despite under-representing high-severity
in a record-breaking year, these significantly increasing trends persist in
the Southwest.

4.1. Management implications

This work provides quantitative evidence that total area burned and
area of high-severity fire are increasing in Southwestern forest and
woodland ecosystems across all types. Additionally, percent of high-

severity fire is increasing in two out of the seven ERU fire regime types.
Different ecosystems are adapted to, and characterized by varying

fire size, spatial patterns, severities, and frequencies and that a dis-
ruption in any one of these fire regime attributes can result in large-
scale changes in ecosystem function. It is likely that increasing trends in
high-severity fire will threaten southwestern forest ecosystems. Many
studies have already documented the consequence of uncharacteristic
high-severity fire including an increase in high-severity patch size
(Yocom-Kent et al., 2015), landscape homogeneity (Turner et al.,
1994), altered plant species compositions (Turner et al., 1994), forest
type-conversions (Savage and Mast, 2005), extinction of habitat (Lee
et al., 2013), and altered soil properties and watershed dynamics
(Neary et al., 1999).

Just as different ecosystems are characterized by different fire pat-
terns, ecosystems will also differ in their response to increasing trends
in severity. It is uncertain whether increasing trends in high-severity

Fig. 5. Results in temporal trend analysis of area of high severity fire for each ERU Fire Regime Type from 1984 to 2015. *All trends are significantly increasing
(P≤0.016).
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fire are uncharacteristic for all ecosystems in the Southwest. In drier
forest types such as xeric mixed conifer and ponderosa pine, increased
tree densities, fuel loadings, and canopy cover have increased the risk
for severe fire as evident in this study (Covington and Moore, 1994;
White and Vankjat, 1993). These ecosystems are characterized by low
to mixed severity fire regime and thus, increasing trends in high-se-
verity fire may be outside of their natural range of variability (Heinlein
et al., 2005). On the other hand, current fire activity may not be ab-
normal in other ecosystems such as pinyon-juniper, mesic mixed con-
ifer, and spruce-fir due to their longer fire return intervals or in-
complete evidence of changing forest structure or fire patterns.
However, if the trends observed in this study continue to increase,
large-scale changes to the Southwest landscape may be imminent.

Determining whether certain ecosystems are experiencing an al-
teration in their fire regimes and whether increasing trends in high-
severity fire are uncharacteristic will require a thorough examination of
historical fire regimes, longer-term remote sensing studies, and how
climate and human pressures drive these trends (O’Conner et al, 2014).
Further, increasing trends can have a compounding effect on reburn
severity (Holden et al., 2010), forest resilience, and forest recovery
(Savage and Mast, 2005) so it will be vital to examine its cumulative
effect across the landscape in future studies. It is also important to note
that if the trends examined in this study are not uncharacteristic for
specific ecosystems, other fire regime attributes such as the spatial
patterns (i.e. patch sizes) of high-severity might be. These questions are
beyond the scope of this paper and such future research will be

Fig. 6. Results in temporal trend analysis in percent of high severity fire for each ERU Fire Regime Type from 1984 to 2015. Percent high severity fire showed
significant increases in two out of the seven ERU Fire Regime Types (P=0.001) indicated by *on graphs, where Madrean, PJ Grass & Juniper Grass, PJ Sagebrush &
PJ woodland, PJ Evergreen Shrub, and Ponderosa Pine did not show an increase (P≥0.161).
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necessary to understand subsequent implications and consequences
within each ecosystem.

Documenting trends in burn severity is the first step in under-
standing contemporary fire regimes, in identifying ecosystems that are
vulnerable to uncharacteristic high-severity fire, and managing these
ecosystems effectively. Further, quantifying current trends in burn se-
verity and comparing past patterns can serve as a baseline for under-
standing ecosystem change, identifying where ecosystems have
changed the most, and can help us predict future changes in fire re-
gimes. As we progress in our understanding of fire regime-ecosystem
interactions, we may need to redefine our land managing strategies in
order to meet the challenge of altered fire regimes and altered eco-
system dynamics.
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